Based on a set of pilot atmosphere-only experiments from the Cloud Feedback Model Intercomparison Project Phase 3 (CFMIP-3), in this study, the winter surface air temperature (SAT) and monsoonal circulation changes in East Asia as a response to the 4 × CO 2 forcing in coupled model are decomposed into the four parts in terms of the responses to the uniform SST warming, 4 × CO 2 radiative effect, SST pattern changes, and plant physiological effect. The uniform SST warming presents the most significant influence on the increase of SAT change, which strengthens the East Asian winter monsoon (EAWM) circulation. The CO 2 radiative effect can also induce the SAT increase over East Asia but with a magnitude smaller compared to the uniform SST warming, in which more warming is in land than ocean and the EAWM circulation could be weakened consequently due to the decreased land-sea thermal contrast in response to the CO 2 radiative effect. The SAT changes in response to the SST pattern change show inconsistencies over the eastern and southern parts of East Asia between the two models, associated with the large difference for EAWM circulation changes, indicating that the SST pattern change could be the primary source of inter-model uncertainties in the East-Asian SAT change. As for the influence of plant physiological effect, it could generate a SAT rise in many highly vegetated regions. Further analyses for different areas show that both the uniform SST warming and CO 2 radiative effects could induce more intense SAT increase in northern East Asia, while the plant physiological effect has a more significant influence on that in southern/eastern part of East Asia.
Introduction
The Fifth Assessment Report (AR5) (2013) from the Intergovernmental Panel on Climate Change (IPCC) demonstrates that global surface air temperature (SAT) has risen since 1901, and the period of 1983-2012 was likely to be the warmest 30 years in the past 1400 years in the northern hemisphere. The greenhouse gases (GHGs), like CO 2 , have shown an increasing trend, particularly in the most recent 50 years (Guoyu 2008) . As is well known, the East Asian monsoon system is one of the most important parts of the climate system, and many countries including China, Japan, and Korea are influenced by it. Therefore, there has been a great amount of research into SAT change in response to CO 2 concentration rising over East Asia in the past decades.
The SAT changes over East Asia under future emission scenarios have been assessed in many studies. Zhou and Yu (2006) indicated that the GHGs contribute to the SAT variation over China in the last half of the twentieth century. The projected SAT rise results from increased longwave radiation at the surface and related feedbacks, which is associated with CO 2 concentration rising (Lee et al. 2013) . As emissions increase, the enhanced warming has been confirmed. Under the IPCC AR5 scenarios, warming increased with latitude, ranging from 1 to 3 °C for the average from 2071 to 2100 in the Representative Concentration Pathways 4.5 (RCP4.5) projection and from 4 to 9 °C under the RCP8.5 scenario compared with the average from 1971 to 2000 (Wei and Bao 2012) . Downscaled simulation results showed the frequency of heat wave events with temperature greater than 30 °C is projected to increase by 131% and 111% in the RCPs 8.5 and 4.5 , which indicates the character of a higher warming with a higher RCP and is consistent with Xu and Xu (2012) .
Compared with observational results, the temperature change over East Asia is more complicated and less certain across model projections. The warming intensity over China appears to be greater than the global mean level, and warming in winter is the most significant (Rangwala et al. 2010; Zhang and Tan 2012; Lang and Sui 2013) , particularly over land regions (Jiang et al. 2004 ). According to future climate projections for East Asia, the annual mean SAT increases by 1.8 °C during 2030-2049 (Lee et al. 2013) . In East Asia, the most significant increase is seen in Southeastern China under future emission scenarios (Seo et al. 2014) . Lee et al. (2012) suggested northern East Asia will be subject to increased heat extremes. Based on a set of atmosphere-ocean coupled general circulation models from CMIP5, Yang et al. (2014) indicated that warming is expected all over China, and northern China shows greater warming than southern China, especially the Tibetan region.
As the temperature rises, the oceans are also warming. Bernstein et al. (2008) demonstrated that a global SST increase had been confirmed from observations and the AR5 (2013) indicated the upper ocean was warmer and experienced a 0.11 °C increase per decade during 1971-2010. As a result, the increased SST and the different SST pattern changes could cause a series of climate effects. The changes of SST in distinct areas could drive anomalous heat transport, as well as circulation changes (Xie et al. 2010) . From a global perspective, a strengthening of land-sea thermal contrast in transient simulations of coupled models could be attributed to the spatially uniform warming in response to the SST increase (Takakuwa and Kina 2014) . Based on a set of coupled biosphere-atmosphere model, Sellers et al. (1996) found that the doubled CO 2 concentration will reduce evapotranspiration, leading to the increased air temperature over the tropical continents. Boucher et al. (2009) and Chadwick (2015) reached similar conclusions in their studies.
Temperature variability over East Asia region is closely accompanied by various changes of general circulation, which makes analysis of the connected mechanisms much more complicated. During warm (cold) winters, a positive (negative) SST anomaly appears in marine East Asia and a negative (positive) SST anomaly appears in the Philippine Sea, and the SST changes for distinct regions could generate circulation anomalies (Hsu et al. 2001; Dong et al. 2009 ).
The cold surges can be caused by the upper-level blocking originated from North Pacific (Park et al. 2008) . The effect of the Arctic Oscillation on winter temperature over East Asia could be changed depending on the phase of the Western Pacific pattern in North Pacific (Park and Ahn 2016) . Along with the decadal variability of the Hadley Circulation (HC), its linkage to the SAT change in East Asia showed decadal variations as well, from the weak to strong relationship. Such a change could be related to the interaction between the HC and the general circulation system over the Philippines, associated with the East Asian winter monsoon (EAWM) (Zhou and Wang 2008) .
EAWM is an important component of climate system due to its great influence on the winter climate variations over East Asia. The atmospheric moisture, precipitation, and temperature changes are connected with the EAWM (Chen et al. 2013; Ding et al. 2014; Gong and Wang 2003) , and previous studies have shown that the EAWM can be influenced by various factors. As we know, the surface heating is characterized by the seasonal variation and the land-sea difference, which should be the nature of the formation of trade winds, and the asymmetrical solar heating generated by the zonal and meridional asymmetric land-sea distribution also have influence on the variation of monsoon (Halley 1686 (Halley , 1735 . The key driving force for the EAWM is the available potential energy generated by the differential heating between land and sea (Zhang et al. 1997; Jhun and Lee 2004) . Further studies show that in addition to the seasonal variation of land-sea contrast, the changes of radiation and general circulation contribute to the variation of monsoon as well (Dao and Chen 1957) . According to Xiao et al. (2016) , warmer SST in the late 1990s over the North Atlantic could have led to a stronger EAWM, and the reduced sea ice in the Arctic Ocean and the increased snow cover in the Eurasian Continent are also possible causes of the interdecadal change in the EAWM. In addition, the changes of middle-high latitude circulation can also generate the EAWM anomalies. The planetary wave activity may induce variations in the Arctic Oscillation, Siberian High, and the Aleutian Low, leading to anomalous EAWM (Chen et al. 2013; Chen et al. 2008; Tan and Chen 2014) , and the climate modes are also influenced by distinct external forcings (Huang et al. 2018; Cattiaux and Cassou 2013) .
Under the background of climate change, the current skill of seasonal and regional climate predictions is not enough yet to meet various needs from industrial and public sectors Seo et al. 2014; Jeong et al. 2017) , partly due to deficiencies of climate models. The correlation between the observed and simulated China SAT for 1880-1999 is still lower than that for either the global or Northern Hemispheric average, and thus the mechanisms leading to this warming remain an open question (Zhou and Yu 2006) . Guoyu (2008) indicated that the uncertainties of climate warming could be generated by the biases from observation data, the unclear mechanisms of climate systems, such as cloud feedback, and the imperfect model 1 3 simulations. Owing to the complex topography in East Asia, simulations have difficulty capturing the responses well (Fang et al. 2011 ). In addition, seasonal climate variability in East Asia is strongly influenced by many internal and external factors including the East Asian monsoon, tropical ocean variability, and other atmospheric low-frequency modes. Therefore, a comprehensive understanding of these factors is essential for better seasonal climate predictions, as well as future climate projections over East Asia (Ding et al. 2014; Jeong et al. 2017; Luo and Wang 2017) .
The CFMIP-3 mainly focuses on the scientific questions, such as how the earth system responds to forcings, where the model biases come from, how the climate will change under future scenarios, and which are exactly the major issues occurring in climate researches over East Asia. In this study, a set of timeslice experiments from CFMIP-3 are applied in East Asia to examine (1) winter SAT changes in response to different aspects of CO 2 forcing and SST changes, (2) the possible mechanisms of temperature changes in response to these different forcings, and (3) which aspect is probably the main cause of uncertainty in inter-model projections over East Asia. The remainder of the paper is organized as follows. Experiment design including data and method is introduced in Sect. 2. Section 3 describes the features of SAT changes over East Asia in each experiment. In Sect. 4, analysis of winter SAT for different East-Asian areas are depicted. The EAWM changes are presented in Sect. 5. In Sect. 6, the possible mechanisms of SAT changes in response to the different forcings are investigated in detail, and the summary and discussions are given in Sect. 7.
Models, experiments, and methods

Models
In this study, monthly mean outputs from the two climate models, HadGEM2-ES, CCSM4 and associated experiments, are used (Table 1) to estimate winter SAT change over East Asia. Notice that there are three models in this set of pilot experiments, HadGEM2-ES, CCSM4 and CNRM, but the experimental design of CNRM is slightly different from the other two models, so we abandoned the analysis for CNRM, and this part will be introduced in Sect. 2.2. Since the horizontal resolutions of the models are different, both of the model data have been interpolated into a 1.25° × 1.25° grid before analysis for comparison with each other. We have evaluated that the two models can reasonably capture the main climatological characteristics of winter temperature and circulation fields in East Asia compared to observation (figures not shown).
Experiments
In order to effectively estimate winter SAT changes over East Asia in response to different forcings, a set of pilot atmosphere-only experiments from CFMIP-3 is applied in this study, which are specifically designed to decompose the response to 4 × CO 2 forcing, relative to preindustrial level, in coupled models into the different aspects as follows:
(1) piSST-an atmosphere-only experiment with monthlyvarying SSTs and sea-ice from the years of piControl parallel to years 101-130 of each model's own abrupt4 × CO 2 run (Webb et al. 2013; Chadwick et al. 2017 ).
(2) piSST4K-the same as piSST but with SST uniformly increased by 4K, and sea-ice remains the same as piSST.
(3) piSST4 × CO 2 -the same as piSST but the concentration of CO 2 is quadrupled, and seen only by the radiation scheme. (4) piSST4 × CO 2 Veg-the same as piSST4 × CO 2 but this forcing is seen by both the radiation scheme and the plant physiological effect. Note that dynamical vegetation is turned off and the distribution of plants won't change when the CO 2 concentration rises. HadGEM2 and CCSM4 both represent the plant physiological effect but CNRM-CM5 does not, in addition, sea ice is unchanged for all experiments with HadGEM2 and CCSM4, but is allowed to vary in CNRM-CM5 in piSSTFuture and piSST4K experiments. Considering the large discrepancy the result of CNRM could make driven by the lack of physiological effect, we move out the analysis of CNRM, only display the results of HadGEM2 and CCSM4. (5) piSSTFuture-the same as piSST but with a patterned SST anomaly taken from years 101-130 of each model's own abrupt4 × CO 2 experiment minus piControl, and the global mean SST increase is scaled to be approximately 4K (Chadwick 2015) . Sea-ice and CO 2 remain the same as piSST. (6) piSSTTot-the same as piSST, but with monthly-varying SSTs and sea-ice taken from years 101-130 of each model's own abrupt 4 × CO 2 experiment minus piControl. CO 2 is quadrupled, and is seen by both the radiation scheme and the plant physiological effect.
According to the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5), the more severe global SAT increase can be seen under a higher emission, and thus it would be suitable to estimate the long-term change and climate sensitivity by the experiments concerning the higher CO 2 emission such as abrupt 4 × CO 2 , compared to the double CO 2 scenario ever highly considered before. On the other hand, in CFMIP-3, a series of terms are added to more precisely quantify the contributions of different processes and climate changes underlying cloud feedbacks and adjustments, and these budget terms are requested in the DECK abrupt 4 × CO 2 experiment (Webb et al. 2013) . Thus, this set of CFMIP-3 experiments are applied to analyze decomposition of the East Asian temperature response to the 4 × CO 2 forcing.
In coupled General Circulation Models (GCMs), quadrupled CO 2 will induce SST rising, but such an increase does not show a homogeneous distribution. Instead, SST change varies by regions and the global-mean SST increases by about 4K in abrupt 4 × CO 2 compared to piControl experiment. Therefore, the SST change in a coupled model can be divided into uniform SST warming of 4K and SST pattern change. In addition, the increase of the atmospheric CO 2 has a direct impact via atmospheric radiative changes, as well as the plant physiological effect associated with narrowing plant stoma, thus reducing transpiration and decreasing atmospheric water availability. By decomposing the 4 × CO 2 forcing in a coupled model into the uniform SST warming, 4 × CO 2 direct radiative effect, plant physiological effect in response to CO 2 concentration rising, and SST pattern change, the winter SAT changes in response to the individual forcing over East Asia and the main causes of them can be estimated.
Methods
In reference to the experimental design, the piSST4K experiment is the same as the piSST experiment except for the SST, so the net response to the uniform SST + 4K can be extracted by subtracting piSST from piSST4K. Similarly, the influence of the 4 × CO 2 radiation scheme can be examined by taking the difference between piSST4 × CO 2 and piSST. To examine influence of the SST pattern change, we can take the difference between piSSTFuture and piSST4K, and the response to the plant physiological effect can be estimated by subtracting piSST4 × CO 2 from piSST4 × CO 2 Veg. Finally, the total response to the 4 × CO 2 forcing, including both SSTs and CO 2 effects, can be calculated by subtracting piSST from piSSTTot.
Characteristics of the winter SAT changes over East Asia
Previous studies have estimated the performance of the two models in reproducing the main features of the East Asian winter temperature and the characteristics of temperature changes proved to be well captured by most of the models from IPCC Third to Fifth Assessment Reports, including HadGEM2 and CCSM4 . To further test the simulation capacity of these two models, the average climate state of winter temperature during 1948-2004 in historical experiment for HadGEM2 and CCSM4 are estimated and compared with the observational results. We can see the two models can generally depict the distributions of winter temperature as the observational results show ( Fig. 1 ). Figure 2 shows distributions of the SAT changes during December, January, and February (DJF) in the two models. We can see that the winter SAT change in response to the uniform SST warming presents a very significant (Fig. 2c ), and the greatest increase is located over the Qinghai-Tibetan Plateau and northern East Asia. In general, such an increase shows a non-uniform distribution, and the SAT rising is greater in northern than southern East Asia. The increased SAT also appears over East Asia in response to the 4 × CO 2 radiative effect, but like the global mean SAT change, with a smaller magnitude than that responding to the uniform SST warming, where the land warms more intensely than ocean ( Fig. 2d-f ). As we know, CO 2 could lead to air temperature and SST rising by its radiative effect. Using this set of atmosphere-only experiments, the influences of SST change and the direct CO 2 effect have been individually estimated here. We can clearly see that the uniform SST warming has more significant influence on the SAT change than the 4 × CO 2 radiation scheme. Therefore, we may infer that, with CO 2 concentration rising, the increased temperature in East Asia as simulated by the GCMs could be mainly caused by the uniform SST warming due to the CO 2 concentration rising rather than by the direct radiative effect of the CO 2 . Previous studies have shown that the enhanced land warming in response to increased SST is related to atmospheric adjustments, which could be attributed to limited moisture availability over land (Joshi et al. 2008; Byrne and O'Gorman 2013) and soil moisture feedbacks (Berg et al. 2016 ).
In addition, the distribution of SAT change in response to the SST pattern change shows a relatively large inconsistency , and plant physiological effect j-l for HadGEM2, CCSM4, and the ensemble mean, with stippled areas exceeding the 95% confidence level between the two models, which is mainly located in the south and east of East Asia, with a more significant decrease in SAT for CCSM4. From the ensemble mean we can see that the SAT decreases over most parts in the north, east and south of East Asia. As for the response of the plant physiological effect, the ensemble mean result shows the increased SAT located in most parts of land regions, particularly in the south of East Asia (Fig. 2) . In general, the uniform SST warming and CO 2 radiative effect are the main sources of the SAT rising, and the SST pattern change appears to be the primary reason for the uncertainty between the two models in the SAT changes over East Asia, and the possible reasons for this inconsistency will be discussed later.
In order to test the difference between the coupled models and these atmosphere-only experiments, we calculate the sum of the individual atmosphere-only components for winter SAT changes ( Fig. 3a-c) , the coupled abrupt4 × CO 2 response ( Fig. 3d-f ), and their differences ( Fig. 3g-i) . It is seen that the differences are mainly located in the northeast of East Asia and the Qinghai-Tibetan Plateau, where the former shows a higher SAT response and the latter does a lower one for the coupled models. This presumably indicates the nonlinear influence of the different aspects of increased CO 2 concentration on SAT in some regions, especially over the above-mentioned regions, while the differences are small in the other areas we focused on in this study. Meanwhile, we take it into account that not all of the coupled models give global warming by exactly 4K, which could contribute to the uncertainty in regional temperature change. Specifically, the SST rises up to about 3.2K in abrupt4 × CO 2 experiment compared with piControl experiment in HadGEM2, while it's 4.4K in CCSM4. It is clear that the difference of SST change is about 1.2K between the two models, and the assumption of uniform SST warming to 4K would lead to the uncertainty of regional temperature change caused by the lower SST change of 0.8K in HadGEM2, and the higher SST change of 0.4K for CCSM4, compared with the coupled runs. On the other hand, to test the validity of the mono-forcing in this study, we further estimate the differences between the sum of all the distinct forcings and the total response to the 4 × CO 2 forcing. The differences are relatively minor and negligible for the two models (not shown), which means each of the forcing can be regarded as independently, in other words, the non-linear effects among them can be ignored in this study.
Winter SAT changes over distinct subregions
The geographical conditions vary greatly across East Asia, leading to the distinct climate characteristics (Zhang et al. 2015; Gao et al. 2016) . In order to examine the decompositions of the SAT changes in terms of different areas, the East Asian continent is divided into four major parts in reference to China's National Assessment Report on Climate Change (2007). The four subregions include: northwestern East Asia (NW), northeastern East Asia (NE), southwestern East Asia (SW), and East China (EC), as shown in Fig. 4 . The winter SAT changes and their inter-model spreads over four regions are presented in Fig. 5 . In general, we can see in Fig. 5 that the uniform SST warming has the most significant influence on SAT rising in all subregions, and the second is from the CO 2 radiative effect. When SSTs uniformly rise by 4K, NW has the largest SAT increase, while the inter-model difference is large in EC and NW. In response to the 4 × CO 2 direct radiative effect, the most significant increase of SAT occurs in NW and NE, also with the largest differences across the models for NW. As illustrated in Sect. 3, the projected results have shown the relatively large difference between the two models in NE and EC in response to the SST pattern change, and the SAT changes for all these regions seemed not so remarkable in winter. For the responses to the plant physiological effect, SW shows the largest SAT rising, probably due to the larger vegetation coverage in the south and east of East Asia, while the largest inter-model uncertainty lies in NE. As a result, the uniform SST warming and CO 2 radiative effect both appear to induce more intense SAT increase over northern East Asia, especially in NW, while the plant physiological effect has a more significant influence on the southwestern East Asia, and as a contrast the whole changes responding to the SST pattern change are not obvious. We can see that the SAT changes in responses to the uniform SST warming show the maximum value for every subregion over East Asia, and the average increase is about 7℃.
Changes of EAWM in response to different forcings
Prediction and even projection of EAWM is still imperfect due to its complexity. The decomposition framework in this study could induce a better understanding of the EAWM change.
Under the different forcings, the East-Asian SAT changes are likely to be accompanied by changes in the EAWM-associated circulation. Figure 6a -c show the lower-troposphere wind changes in response to the uniform SST warming. The anticyclonic circulation anomaly is evident over the eastern and southern East Asian continent, which indicates that the uniform SST warming could enhance EAWM. One of the factors contributed to the formation of monsoon is the difference between land surface temperature and SST. In boreal winter, owing to the larger heat capacity for the ocean, the ocean is relatively warmer than most of land regions, and this causes a land-sea thermal contrast, leading to high pressures over land, which is the main cause of the EAWM formation. In response to the uniform SST warming, the increased SST would enhance this thermal contrast and thus the EAWM.
The change of lower tropospheric wind in response to the pure CO 2 radiative effect is also examined, as shown in Fig. 6d-f . The simulated change is not remarkable and however, an anticyclonic circulation anomaly is visible in the north of the Philippines. As a result, the 4 × CO 2 radiative effect would induce southwesterly wind anomaly on the northwest side of the anomalous anticyclonic circulation over the east coast of China and weaken the EAWM, though not significantly. In response to the uniform SST warming, the whole ocean warms up close to 4K, while the land surface temperature remains fixed, which could initially intensify the land-sea thermal contrast and then reach the equilibrium situation that the 4K warmed SST tend to force an updraft over ocean and downdraft over land on a whole. In this case, the increased SAT over land as the figure shows just is the result of the heat transport forced by the 4K warmed ocean, and maybe more importantly, the adiabatic heating process also acts to contribute to the more intense warming over land, besides the warming induced by smaller heat capacity and limited moisture availability of land, and this part of analysis will be specifically discussed in Sect. 6.1.
The increased concentration of CO 2 leads to an enhanced downwelling longwave radiation, and the more intensified land surface warming could be the result of constant SSTs held in this experiment, causing the decreased land-sea thermal contrast in winter and weakened EAWM as HadGEM2 shows. As for the influence of the SST pattern change, simulations show a difference between the two models, where specifically, the southwesterly flow anomaly appears in the southeast coast of China in HadGEM2, while there is a northeasterly anomaly in CCSM4, resulting in that the ensemble mean is relatively small (Fig. 6g-i) . Thus, the SST pattern change seems to be the main source of uncertainty regarding EAWM circulation change across the two models. Finally, the influence of the plant physiological effect on the EAWM is not significant, compared with the uniform SST warming and SST pattern change (Fig. 6j, k) .
The vertical structure of meridional wind changes along 110° E are shown to clarify the circulation changes relevant to the EAWM. The northerly wind anomaly is remarkable in the southern East Asia for HadGEM2, especially in the lower atmosphere, and much stronger in the most areas of East Asia for CCSM4 ( Fig. 7) , which is consistent with the conclusion of enhanced EAWM in response to the uniform SST warming as 850 hPa wind changes show. Besides, the large difference is extremely significant in the whole troposphere. The northerly wind seems to be weakened in the lower layer over East Asia for the direct CO 2 radiative effect though neither of the two models is statistically significant. The difference between the two models is still large for the SST pattern change. The southerly wind appears to be enhanced on the lower levels in HadGEM2, whereas the northerly wind of the whole troposphere is enhanced in CCSM4. But we can see that the inconsistency is not as remarkable as in the uniform SST warming experiment, which demonstrates that the uniform SST warming is probably the more crucial reason for the uncertainty of the circulation change through the whole troposphere, while the SST pattern change mainly acts to contribute to the inconsistence for the wind change over lower-troposphere, including EAWM. As for the influence of the plant physiological effect, the lower layer shows the weakened northerly wind in the sense of ensemble mean.
The index of EAWM (EAWMI) of Wang (2004) is applied to further analysis, which is defined as the normalized 850 hPa wind velocity, averaged in the area (25°-50° N, 115°-145° E). Positive index value indicates a strong EAWM. The ensemble mean result for 30-year averaged winter EAWMI change for uniform SST warming is about 0.604, which further indicates that the EAWM could be enhanced in response to the uniform SST warming. The , g, k) , and plant physiological effect (d, h, l) for HadGEM2, CCSM4, and the ensemble mean, with stippled areas exceeding the 95% confidence level results for the CO 2 radiative effect, SST pattern change, and plant physiological effect are − 0.053, 0.289, and − 0.067, respectively. In general, the influences of the uniform SST warming and SST pattern change are likely to enhance the EAWM, while the CO 2 radiative effect and plant physiological effect slightly lead to the weakened one.
The comparison of 850 hPa wind between the model simulations and observational result are also taken into account. We can see that the two models can generally capture the characteristics of 850 hPa wind as the observational results show (Fig. 8) . The difference between coupled models and piSST experiments is also examined in this study. We can see the relatively small differences between the coupled and atmosphere-only experiments for two models, suggesting that the AGCM experiment are able to capture the mean change from the coupled model simulations. However, differences between the two models are still non-negligible, for both the coupled and atmospheric-only experiments (Fig. 9) . As for the nonlinear effect among each forcing, the differences between the sum of all the distinct forcings and the total response are small in two models (not shown). As a result, this set of decomposed experiments are applicable.
Possible mechanisms of the SAT changes
in response to different forcings
Response to the uniform SST warming
The ocean will heat up atmosphere intensely when SST uniformly increases by 4K, especially in tropical areas, and thus transport more energy into mid-high latitudes, resulting in a significant increase of SAT over East Asia.
We can see that the warming over Qinghai-Tibet plateau and northern East Asia is the most dramatic, and the land area seems to undergo the more intense SAT increase than the oceans. Joshi et al. (2007) and Byrne (2013) ever pointed out that large areas of the land surface at most latitudes warms with larger amplitude than those of the surrounding oceans. Their results indicated that associated with local feedbacks and the hydrological cycle over land, the effect of limitation of moisture in the boundary layer over land is to directly enhance land surface warming.
It is also found that circulation change associated with the uniform SST warming could lead to changes in SAT over East Asia. Figure 10 shows the vertical distribution for the changes of the meridional mean winter air temperature, zonal wind, and vertical velocity (15°-50° N, 80°-150° E) in response to the uniform SST warming. We can see that the warming center locates around 400 hPa to the east of 105° E where the downdraft change is most evident, which could transport energy into the East-Asian land areas from . 11 Integral for adiabatic heating change from 1000 to 500 hPa (K/s) in the uniform SST warming experiment, with stippled areas exceeding the 95% confidence level the south/east to north/west and then downward to surface and contribute to the significant SAT increase in land. More importantly, the associated adiabatic subsidence can also contribute to the low-level warming. The effect of uniform SST warming could enhance the updraft in low latitudes and subsidence over East Asia land areas.
In order to see clearly this possible mechanism of the more intensified warming over land, we examine the thermodynamic energy budget, which can be written as where ∂T/∂t represents the temperature tendency, V · ∇T is the horizontal advection of temperature, ω(κT/p − ∂T/∂p) is
(1) T t + V ⋅ ∇T − ω(κT∕p − T∕ p) = Q∕c p , Fig. 12 DJF surface downward longwave radiation changes (W/m 2 ) in response to the 4 × CO 2 radiative effect over the northern hemisphere, with stippled areas exceeding the 95% confidence level the vertical advection of temperature, and Q/c p represents the diabatic heating/cooling. The part of ω(κT/p − ∂T/∂p) integral from 1000 to 500 hPa is calculated representing the low layer adiabatic subsidence heating. We can see that the adiabatic heating induced by the downdraft intensifies in most land areas, especially over East China (Fig. 11) , and clearly, the low-level warming could result from the downdraft above land region driven by the uniform SST warming to 4K, through an adiabatic process. This mechanism is different from the diabatic heating connected with the EAWM change in terms of the land-ocean thermal contrast. In other words, although the land warms more significantly than the ocean, it is SST-warming forced circulation changes, including the EAWM change.
Response to the direct CO 2 effect
CO 2 , as a major greenhouse gas, can absorb long-wave radiation and lead to the greenhouse effect. This leads to land surface warming even in the absence of SST warming, and such a component of land warming is referred to as the direct CO 2 effect. Figure 12 shows that the surface downward longwave radiation flux increases in most of the northern hemisphere, especially over land regions, inducing SAT increase over East Asia. Similarly, the diabatic heating change is also estimated. Figure 13 shows the integral for lower-tropospheric diabatic heating change in the 4 × CO 2 direct radiative effect experiment. We can see that the diabatic heating is enhanced over the most areas of East Asia, which further explains that the increased SAT is induced by the diabatic heating from the greenhouse effect of the CO 2 .
Response to the SST pattern change
The simulations for the SST pattern change show big differences in the south and east of East Asia, with a more significantly decreased SAT for CCSM4 (Fig. 2) . As known in Sect. 5, the southwesterly flow anomaly appears in the southeast coast of China in HadGEM2, though not so significant, while a stronger northeasterly anomaly occurs in CCSM4 (Fig. 6) , which could lead to the decreased SAT, but the similar change in HadGEM2 is not evident. For the lowlevel wind changes, the result of HadGEM2 in the east and south of China is almost reverse to that of CCSM4; that is, the difference between the models is large for their response to the SST pattern change.
Since there are only two models used in this study, in order to figure out the impact of SST pattern change on the inter-model uncertainties for those SAT changes, we here applied a set of RCP8.5 experiments from the CMIP5 (Table 2 ) to further analysis. The vertical and horizontal axes in Fig. 14 stand for correlation coefficients for the SST pattern changes between any two model results and for SAT Fig. 13 Integral for diabatic heating change from 1000 to 500 hPa (K/s) in response to the 4 × CO 2 radiative effect, with stippled areas exceeding the 95% confidence level changes over East Asia. It can be clearly seen that the relationships between the East-Asian SAT changes and the SST pattern changes are unclear across models. Particularly, the similar SST pattern change may induce the totally different SAT changes in East Asia, and on the other hand, the similar SAT changes could result from the different kinds of SST pattern changes. The differences could be generated by some distinct physical processes in these models, which still remains unclear and needs to be further studied. We further analyzed the changes of winter SLP (Fig. 15 ) in response to SST pattern change over the northern hemisphere. It can be seen that the results show the discrepancy for the distribution of high and low pressure between the two models over the south of East Asia. Since the East-Asian climate is strongly controlled by Siberian high in winter, the inconsistent distribution of high pressure could lead to the different path ways of cold surge as shown in Fig. 16 , and the winter SAT change uncertainty in the two models.
Response to the plant physiological effect
Besides its radiative effects, CO 2 also has an impact on the physiological processes of vegetation. Climate changes, including global warming have large influences on terrestrial biosphere. Global vegetation tends to become denser under future global warming, and the species of vegetation could also be influenced. Vegetation has proved to be one of the important roles for climate change and shows the significant influence on surface temperature change under global warming for regional areas. The changes of vegetation may lead to warming in the future (Ryouta and Abe-Ouchi 2009; Jiang et al. 2011) . The annual surface temperature proved to increase over most land parts of Eurasia, which could be induced by the different surface albedos resulting from vegetation changes (Jiang et al. 2011) . The opening of stomates can increase evapotranspiration intensity and relative water loss rate, however, the increase of CO 2 can also have an impact on vegetation by narrowing plant stoma (Field and Mooney 1995) . The suppression of the evapotranspiration rate over land is unfavorable for the evaporative cooling and DJF SLP changes (hPa) in response to the SST pattern change over the northern hemisphere, with stippled areas exceeding the 95% confidence level increases the SAT over land regions (Boucher et al. 2009; Chadwick et al. 2017 ). On the other hand, it has been proved that the increased CO 2 concentration could reduce vegetation transpiration, and the soil retains more water (Bounoua et al. 1999; Boucher et al. 2009; Wigley and Jones 1985; Sellers et al. 1996) . In CFMIP, the modeling groups turn off the terrestrial carbon cycle, as well as the dynamic vegetation, so the distribution and species of the terrestrial vegetation won't change when the CO 2 concentration rises. In this study, only the influence of plant physiological effect is taken into account.
To indicate this, Fig. 17 shows DJF surface sensible heating change in response to the plant physiological effect, which shows that sensible heat flux increases over southern East Asia, particularly in the Indo-China Peninsula, where Features of the SAT responses vary with regions and forcings. The SAT change in response to the uniform SST warming shows a non-uniform and large increase over East Asia, especially in the Qinghai-Tibetan Plateau and northern East Asia. The result also shows the increased SAT change over East Asia in the 4 × CO 2 direct radiative effect experiment, but with magnitude much smaller than that responding to the uniform SST warming, where land warms more intensely than ocean. As for the influence of the plant physiological effect, SAT increases in most land regions, particularly in the southern East Asia which is highly vegetated, compared to other regions. For the distinct sub-regions, the uniform SST warming and CO 2 radiative effect both appear to induce more intense SAT increase over northern East Asia, especially in NW, while the plant physiological effect has a more significant influence on the southwestern/southern of East Asia. It is also found that the SST pattern change appears to be a main source for inter-model uncertainty for SAT projection over East Asia in winter due to the diverse results between the two models used here.
Analysis of monsoonal circulation changes showed that the uniform SST warming could enhance EAWM, which could be the result of the intensified SST warming to 4K. The simulation results of EAWM change in response to 4 × CO 2 , including radiative effect and plant physiological effect, are not large, but an anticyclonic circulation anomaly appears in the north of the Philippines in response to 4 × CO 2 direct radiative effect, which indicates that the 4 × CO 2 direct radiative effect could slightly weaken the EAWM. As for the effect of SST pattern change, the inter-model uncertainty is large.
To understand the possible mechanisms of the SAT changes for different forcings, our results demonstrated that ocean could heat up the atmosphere intensely when SST uniformly rises by 4K and in addition, the increased moisture owning to the enhanced evaporation will lead to a further SAT rising via the water vapor feedback, and the adiabatic heating process can also contribute to the more intense warming over land. As a major greenhouse gas, CO 2 can absorb long-wave radiation and then lead to the SAT rising. Besides the radiative effect, increased CO 2 could narrow plant stomatal and lead to reduced transpiration, leading to the higher SAT change, and we found that the surface sensible heat increases over southern East Asia, particularly in Indo-China Peninsula, where SAT rises most remarkably in these regions.
Since this is a set of atmosphere-only experiments, the lack of atmosphere-ocean coupling process could lead to biases compared with coupled simulations. Here we further compared the winter SAT change responses between timeslice experiments and coupled model. The response of the former can be estimated by taking difference between piSSTTot and piSST, and that of the latter can be done by subtracting piControl from abrupt4 × CO 2 . In general, the spatial pattern correlations between the coupled and timeslice results exceed the 95% confidence level and their differences are quite small in the two models (as Fig. 3  shows) . This residual result, the difference between coupled runs and this set of atmosphere-only experiments demonstrates that this set of atmosphere-only experiments can well capture the responses in coupled models.
Finally, the uncertainty in temperature change due to the uncertainty in the climate sensitivity as simulated by coupled models should also be taken into consideration. In broad terms, the climate sensitivity is defined as the global mean SAT change in response to the 2 × CO 2 compared with the pre-industrial level. Previous studies pointed out that the increased global mean SAT is about 3K in the equilibrium state, and the equilibrium surface warming due to doubled CO 2 will be in the range of 1.5-4.5 °C, with the most probable value near 3 °C (IPCC 2018). Here, we estimated the SAT increase based on piControl and abrupt4 × CO 2 experiments in these two models, and the results show that the global mean SAT changes range from 5.51 to 8.04 °C in two models. As for the East-Asian region, the SAT changes range from 4.27 to 6.62 °C for the two models. The change of SAT due to the increased concentration of CO 2 is a result of various feedback progresses. Particularly, the cloud feedback can lead to a large amount of temperature uncertainty, or uncertainty in the climate sensitivity (Zhou and Chen 2015) . This makes the estimation of SAT change more complicated and uncertain.
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